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(57) Abstract 

An electrical protection system as illustrated in the figure which can be connected in series between an electrical power supply and 
an electrical load to form an operating circuit, which, when so connected, protects the circuit from overcurrents. The system comprises: a 
control element (104) which has a relatively low resistance, Rlow. when a relatively low current, Inormal, is passing through it and is 
converted to a relatively high resistance Rfault, when the current through it increases from Inormal to a relatively high current. Ifault; 
a circuit interruption (108) element which is connected in series with the control element, has a normal state when the current Inormal is 
passing through the control element, the normal state permitting the current Inormal to pass through the system, and has a fault state which 
permits the flow of at most a reduced current, substantially less than Inormal; and a bypass element (106) which is connected in parallel 
with the series combination of the control element and the circuit interruption element, and is functionally linked to the circuit interruption 
element so that an increase in current passing through the bypass element can convert the circuit interruption element into the fault state. 
When the current through the system increases from Inormal to Ifault, the resistance of the control element increases from R L ow to 
Rfault. an increased current passes through the bypass element, and the circuit interruption element is converted into the fault state. 
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OVERCURRENT PROTECTION CIRCUIT 



This invention relates to electrical circuit overcurrent protection. Mechanical switches 
are widely used to control the flow of current in electrical circuits. The term "mechanical 
switch" is used herein to denote an electrical switch which comprises mechanical contacts 
which open or close in response to a mechanical (including manual), electrical, thermal or other 
form of activation. Such devices include simple manual switches, circuit breakers, Ground 
Fault Interrupts (GFIs), relays and bimetal devices (also referred to as electrothermal relays, 
thermally activated switches and electro-thermal devices). GFI's compare the current flowing 
at two different locations in a circuit, and interrupt the circuit if the currents differ by more than 
a predetermined amount, e.g. as the result of a ground fault between the locations. They do not, 
however, protect against faults which do not result in such a current imbalance, e.g. an 
overcurrent resulting from a short within the load which does not go to ground. 

When a mechanical switch is operated to interrupt current flowing through it, arcing 
nearly always occurs between the contacts as they separate, even under normal operating 
conditions, and current (in the form of an arc) continues to flow through the switch until the arc 
is extinguished. The arc will damage the contacts to an extent which depends upon the current, 
the voltage, whether the current is AC or DC, the speed at which the contacts operate, and the 
material of which the contacts are made. A mechanical switch is usually rated according to the 
maximum current that it can safely interrupt at a stated AC or DC voltage^ and for a stated 
number of operations. 

Arcing across contacts opening under high current conditions can cause such contacts to 
burn and result in catastrophic failure of the mechanical device. With such limitations in mind, 
attempts have been made to devise circuit configurations which limit the current flowing 
through the mechanical contacts, or limit the voltage across the mechanical contacts, or limit 
both the current and the voltage, as the mechanical contacts open, in order to protect the circuit 
protection switches and thereby protect the electrical circuits. 

PTC circuit protection devices are well known. The device is placed in series with a 
load, and under normal operating conditions is in a low temperature, low resistance state. 
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However, if the current through the PTC device increases excessively, and/or the ambient 
temperature around the PTC device increases excessively, and/or the normal operating current is 
maintained for more than the normal operating time, then the PTC device will be "tripped,*' i.e. 
converted to a high temperature, high resistance state such that the current is reduced 
substantially. Generally, the PTC device will remain in the tripped state, even if the current 
and/or temperature return to their normal levels, until the PTC device has been disconnected 
from the power source and allowed to cool. Particularly useful PTC devices contain a PTC 
element which is composed of a PTC conductive polymer, i.e. a composition which comprises 
(1) an organic polymer, and (2) dispersed, or otherwise distributed, in the polymer, a particulate 
conductive filler, preferably carbon black. PTC conductive polymers and devices containing 
them are described, for example in U.S. Patent Nos. 4,237,441, 4,238,812, 4,315,237, 
4,317,027, 4,426,633, 4,545,926, 4,689,475, 4,724,417, 4,774,024, 4,780,598, 4,800,253, 
4,845,838, 4,857,880, 4,859,836, 4,907,340, 4,924,074, 4,935,156, 4,967,176, 5,049,850, 
5,089,801 and 5,378,407. 

In a batch of PTC devices made by the same manufacturing process, uncontrollable 
variations in the process can cause substantial variation in the conditions which will trip any 
individual device. The largest steady state current which will not cause any of the devices in 
the batch to trip is referred to herein as the "pass current" (Ipass) or "hold current", and the 
smallest steady state current which will cause all of the devices to trip is referred to as the 
"trip current" (Itrip> IiLgeneral, the differencejbetween Ifr&s and Itrip decreased slowly as 
the ambient temperature increases. Depending on the particular type of device, I TR i P may for 
example be 1.5 to 2.5 times I PAS s at 20°C. For any individual device, the pass current and 
the trip current are the same. However, in this specification, reference is made to a PTC 
device having an I PAS s and a different Itrip, because as a practical matter, the manufacturer 
of an electrical switch must make use of PTC devices taken from a batch of such devices. 
Generally, the higher the ambient temperature, the lower the pass current and the trip current. 
This phenomenon is referred to as "thermal derating", and the term "derating curve" is used 
to denote a graph of temperature against pass current. 



We have discovered, in accordance with this invention that very useful electrical 
protection systems can be produced by connecting a PTC element in series with a mechanical 
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switch or other circuit interruption element, and by connecting a bypass element in parallel with 
the PTC element and the circuit interruption element. When an overcurrent passes through such 
a system, the PTC element increases in resistance, and as a result an increased current passes 
through the bypass element. The bypass element is functionally linked to the circuit 
interruption element so that the increased current through the bypass element converts the 
circuit interruption element into its fault state. 



In a first aspect, this invention provides an overcurrent protection system which 
comprises 

a. a control element which 

(1) has a relatively low resistance, Rlqw> when a relatively low current, 
Formal* is passing through it, and 

(2) is converted to a relatively high resistance, Rfault> when the current 
through it increases from Inormal to a relatively high cun-ent, Ifault; 

b. a circuit interruption element which 

(1 ) is connected in series with the control element, 

(2) has a normal state when the current Inormal * s passing through the 
control element, the normal state permitting the current Inormal to pass 
through the system, and 

(3) Has a fault state which permits the flow of at most a reduced current, 
substantially less than Inormal; and" ' ~ 

c. a bypass element which 

(1) is connected in parallel with the series combination of the control 
element and the circuit interruption element, and 

(2) is functionally linked to the circuit interruption element so that an 
increase in curernt passing through the bypass element can connvert the 
circuit interruption element into the fault state; 

whereby, when the current through the system increases from I NO rmal to Jfault 

(i) the resistance of the control element increases from R LO w to R F ault> 

(ii) an increased current passes through the bypass element, and 

(iii) the circuit interruption element is converted into the fault state. 
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In a second aspect; this invention provides an overcurrent protection system which 
comprises 

a. a circuit interruption element having 

( 1 ) a normal state which permits the flow of a normal current, I NO rmal> and 

(2) a fault state which permits the flow of at most a reduced current, 
substantially less than Inormal; 

b. a control element which 

( 1 ) is connected in series with the circuit interruption element; 

(2) has a variable resistance which 

(a) is low compared to the load when the current in the circuit is the 
normal current, I NO rmal> and 

(b) increases substantially when the current in the load substantially 
exceeds the normal current, I NO rmal> 

(3) comprises a comparator which compares 

(a) the current, I C ontrol> ^ the control element at a control 
comparison point, and 

(b) the current, I L oad> in the load at a load comparison point, and 

(4) changes the circuit interruption element from its normal state to its fault 
state when I C ontrol differs from I LO ad by more than a predetermined 

current imbalance value, I DIFF ; and . _ 

c. a bypass element which - 

(1 ) is connected in parallel with the control element, and 

(2) has a resistance such that 

(a) when the circuit current is I NO rmal> the ratio of the resistance of 
the bypass element to the resistance of the control element is 
such that Icontool differs from I LOA d by less than I DIFF , and 

(b) when the circuit current exceeds Inormal b y a predetermined 
current amount, the ratio of the resistance of the bypass element 
to the resistance of the control element is such that I C ontrol 
differs from I LO ad by more than I D , FF . 



# • 

WO 97/10636 PCT/US96/1 4550 

-5- 

In a third aspect, this invention provides an overcurrent protection system which 
comprises 

a. a circuit interruption element having 

(1 ) a normal state which permits the flow of a normal current, I NO rmal> and 

(2) a fault state which permits the flow of at most a reduced current, 
substantially less than I LO ad» and 

b. a control element which 

(1 ) is connected in series with the circuit interruption element, and 

(2) has a variable resistance which 

(a) is low compared to the load when the current is the normal 
current, I N ormal> and 

(b) increases substantially when the current substantially exceeds the 
normal current, I NO rmal; 

with the circuit interruption element changing from its normal state to its fault state when the 
resistance of the control element has increased by a predetermined resistance amount. 

In a fourth aspect, this invention provides an overcurrent protection system which 
comprises 

a. a circuit interruption element having 

(1) a normal state which permits the flow of a normal current, I N0 ^ 

(2) a fault state-which permits the flow of at most a reduced current, 
substantially less than I NO rmal^ 

b. a control element 

(1 ) connected in series with the circuit interruption element, and 

(2) having a variable resistance which 

(a) is low compared to the load when the current is the normal 
current, I NO rmal> and 

(b) increases a first predetermined resistance amount if the current 
substantially exceeds the normal current, InormalJ and 

c. a bypass element 

( 1 ) connected in parallel with the control element, and 

(2) having a resistance which 
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(a) is substantially higher than the resistance of the control element 
when the circuit is in the normal operating condition, 

(b) is substantially lower than the resistance of the control element 
when the resistance of the control element has increased by the 
first predetermined resistance amount, and 

(c) increases by a second predetermined resistance amount when the 
resistance of the control element has increased by the first 
predetermined resistance amount; 



with the circuit interruption element changing from its normal state to its fault state, when the 
resistance of the control element has increased by the first predetermined resistance amount and 
the resistance of the bypass element has increased by the second predetermined resistance 
amount. 

In a fifth aspect, this invention provides an overcurrent protection system which 
comprises a circuit comprising a control element and a circuit interruption element connected in 
series, wherein 

a. the circuit has 

( 1 ) a normal current, I NO rmal* and 

(2) a normal input voltage, V NORMAL ; 

b. the control element has a control element trip current, I^p, which is greater than- 
Inqrmal;^ ; : 

c. the circuit interruption element comprises a mechanical switch and has 



( 1 ) a rating to cany a current, I C arry» which is greater than I NO rmal> and 

(2) a rating to interrupt a current, I interrupt* which is substantially less than 
Itrjp* at a voltage equal to V NO rmal; 



such that when the circuit current exceeds I^p, the control element reduces the circuit current 
below IrNTERRUPT* thereby permitting the circuit interruption element to interrupt circuit current. 

In a sixth aspect, this invention provides an overcurrent protection system which 
comprises a circuit comprising a bypass element and a control element connected in parallel, 
wherein: 

a. the circuit has 
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( 1 ) a normal current, I NO rmal> and 

(2) a normal input voltage, V NORMAL ; 

b. the bypass element has a bypass element trip current, Ibypass trjp, which is 
substantially less than Inormal* ^ 

c. the control element comprises a mechanical switch and has 

(1) a rating to carry a current, I C ontrol pass* which is greater than Inormal, 
and 

(2) a rating to interrupt a current, I C ontrol top* which is greater than 
Formal* at a voltage, V CO ntroltrip, which is less than V NO rmau 

such that when the circuit current exceeds Icontrol trip, *he control element interrupts the 
current in the control element, thereby shunting the current in the circuit to the bypass element, 
and when the current in the bypass exceeds Ibypass trip* ^ e bypass element substantially 
reduces the circuit current. 

In a seventh aspect, this invention provides an overcurrent protection system which 
comprises a circuit, comprising a bypass element and a control element connected in parallel, 
with the parallel combination connected in series with a circuit interruption element, wherein: 

a. the circuit has 

( 1 ) a normal current, I N ormal> and 

(2) ~ " a normal input voltage, V NORMAL ; 

b. the bypass element has a bypass element trip current, -^bypass 'trip* which" is 
substantially less than Inormal^ and 

c. the control element comprises a mechanical switch and has 

(1) a rating to cany a current, I CO ntrol pass, wh *ch is greater than I NO rmal, 
and 

(2) a rating to interrupt a current, Icontrol trip, which is greater than 
Formal* at a voltage, V COKrROL ^p, which is less than V N0RMAL ; and 

d. the circuit interruption element comprises a mechanical switch and has 

( 1 ) a rating to carry a current, I carry, which is greater than I N ormal> and 

(2) a rating to interrupt a current, Iinterrupt, which is substantially less than 
Icontrol trip, at a voltage equal to V NORMAL ; 



WO 97/10636 




PCT/US96/14550 



such that when the circuit current exceeds I C ontrol trip, the control element interrupts the 
current in the control element, thereby shunting the circuit current in the bypass element, and 
when the current in the bypass element is exceeds I bypass trjp* the bypass element reduces the 
circuit current below Iinterrupt* thereby permitting the circuit interruption element to interrupt 
circuit current. 



In addition, in the combinations of this invention the PTC device limits the magnitude 
of the fault current passed to the circuit. Limiting the current in this way is a very desirable 
feature, and is referred to in the industry as "fault current limiting." The fault current limiting 
behavior of PTC devices has not previously been reported. 

Moreover, in addition to overcurrent protection applications, the combinations of this 
invention permit the use of mechanical switches and PTC devices to switch voltages and 
currents in normal circuit operations, wherein the voltage and/or current ratings of the 
mechanical switches and PTC devices are much less than the normal operating voltages and 
currents of the circuits. This feature permits the use of smaller and less expensive mechanical 
switches and PTC devices, for normal operation, than would otherwise be required in such 
circuits. 



Functions performed to provide overcurrent protection to an electric circuit include: 1) 
sensing the current; 2) interrupting the circuit; 3) limiting the energy transferred to the ^ 
and 4) isolating the circuit from the power source. In the circuit arrangements of this invention, 
mechanical switches and polymeric PTC devices are combined so that each component 
performs the function or functions it does relatively well. Polymeric PTC devices sense the 
overcurrent and limit the energy transferred to the protected circuit. Polymeric PTC devices and 
mechanical switches both function to interrupt the circuit. And, where applicable, mechanical 
switches provide circuit isolation in compliance with industry standards. 

FIGs. la, lb and 1c show series, parallel and series/parallel combinations of PTC 
devices and mechanical switches used in the overcurrent protection circuits of this invention. 
As will be shown below, other components are combined with the PTC devices and switches in 
circuit arrangements of this invention to provide supporting functionality. As used herein, the 
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term "maximum overcurrent" refers to the maximum current that would result in a circuit from 
an overload or fault condition if the circuit protection devices were not present in the circuit to 
limit the current. In accordance with the principles of this invention, the arrangements of the 
components in the overcurrent protection circuits permits the selection of PTC devices and 
switches having the following characteristics: 

(1) In the arrangement shown in FIG. la, a PTC device 2 is in series with a mechanical 
switch 4, both of which have a pass current at least as high as the normal circuit current. The 
PTC device 2 has a voltage rating significantly below the normal voltage of the circuit. The 
switch 4 can interrupt a low current at the normal circuit voltage, but cannot interrupt the 
maximum overcurrent at the normal voltage. When an overcurrent occurs, the PTC device 2 
increases in resistance and reduces the current to a point where the current is below the interrupt 
current of the switch 4. The switch 4 opens to interrupt the current an protects the PTC device 2 
from excessive voltage. 

(2) In the arrangement shown in FIG. lb, a PTC device 2 is in parallel with a switch 6, 
both of which have a voltage rating at least as high as the circuit voltage. The PTC device 2 has 
a pass current rating significantly below the normal circuit current at the normal voltage. The 
switch 6 can interrupt the maximum overcurrent at a low voltage, but cannot interrupt the 
maximum overcurrent at normal voltage. WHeh an overcurrent occurs, the switch 6 interrupts 
the Current at low -voltage fciy shunting the current into the PTC device 2r ^Thr PTC device 2 
increases in resistance and reduces the current to a low value. 

(3) In the arrangement shown in FIG. 1c, a parallel combination of a PTC device 2 and 
a first switch 6, as described in (2) above, are in series with a second switch 4. In this case, the 
parallel combination of the PTC device 2 and first switch 6 has a voltage rating significantly 
below the normal voltage of the circuit. The second switch 4 can interrupt a low current at the 
normal voltage, but cannot interrupt the maximum overcurrent at normal voltage. When an 
overcurrent occurs, the first switch 6 opens shunting current to the parallel PTC device 2. The 
PTC device 2 increases in resistance thereby reducing the current and allowing the second 
switch 4 to open. In this arrangement, the PTC device switches to its high resistance state fast 
enough to reduce the current to protect the series switch from being damaged. While delaying 
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the opening of the second switch 4 may be beneficial in some circumstances, this arrangement 
is also effective with both switches 4 6 opening essentially simultaneously. 

In the series combination shown in FIG. la, the series switch 4 is shown following the 
PTC device 2 in the circuit. In the series/parallel combination shown in FIG. lb, the series first 
switch 4 is shown preceding the parallel combination of the PTC device 2 and the parallel 
second switch 6 in the circuit. Although the electrical properties of the overcurrent protection 
circuits are not dependent on such order, other considerations may dictate the placement of 
series switches. For example, the order shown in FIG. lc has the added advantage that, in case 
of overcurrent, the series first switch 4 could serve to isolate additional components in the 
overcurrent protection circuit, in addition to isolating the load, from the power source. This is 
particularly necessary when these components are accessible to and liable to be touched by 
humans. 

FIGs. 2a, 2b, 2c and 2d show block diagrams depicting operational elements of an 
overcurrent protection circuit that perform the functions of sensing the current, interrupting the 
circuit, limiting the energy transferred to the circuit, and, in some arrangements, isolating the 
circuit from the power source. The block diagrams of FIGs. 2a and 2b correspond to the series 
arrangement of a PTC device 2 and a switch 4 shown in FIG. la, with the control element 104 
.comprising the PTC device 2, the interrupt element 108 comprising the series switch 6* and, in 
FIG. 2b, the bypass element 106 comprising additional circuit components. 
of FIG. 2c corresponds to the parallel arrangement of a PTC device 2 and a switch 4 shown in 
FIG. lb, with the control element 104 comprising the parallel switch 6 and the bypass element 
106 comprising the PTC device 2. The block diagram of FIG. 2d corresponds to the 
series/parallel arrangement of a PTC device 2 and switches 4 6 shown in FIG. lc, with the 
interrupt element comprising the series switch 4, the control element comprising the parallel 
switch 6, and the bypass element comprising the PTC device 2 . 

As is apparent from the previous discussion, although the PTC devices used in the 
circuit arrangements of this invention normally provide the functions of sensing the current and 
limiting the fault current, depending on the particular arrangement of the components in the 
various embodiments of the several aspects of this invention, the PTC devices may perform 
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these functions as members of different operational elements, e.g. control element 104 and 
bypass element 106. 



circuit, referred to by the general reference character 120. In the first aspect of overcurrent 
protection circuits of this invention, the three functions of sensing the current, interrupting the 
circuit, and limiting the energy transferred to the circuit are performed by components which 
may be considered as being grouped in three operational elements, a control element 104, a 
bypass element 106 and an interrupt element 108. The source 102 and load 112 elements are 
two operational elements normally found in all electrical circuits. 

The source 102 provides the electrical power to the circuit, and the load 112 performs 
the intended purpose of the circuit. The control 104, bypass 106 and interrupt 108 elements 
work cooperatively to provide the overcurrent protection. The control element 104 performs the 
two functions of sensing the current and limiting the energy transferred to the circuit in case of 
an overcurrent. The interrupt element 108 performs the function of interrupting the circuit 
current. The bypass element 106 is used to divert some or all of the load current to minimize 
the current in the interrupt element 108, or the voltage across the interrupt element 108, or both 
the current and the voltage, so that the interrupt element 108 may safely interrupt the circuit 
current. 

The control element 104 senses the current and determines whether the current delivered 
to the load 112 is within a normal, acceptable range. When the control element 104 determines 
that the current delivered to the load 112 is excessive, the control element 104 works with the 
bypass element 106 to divert current to the bypass element 106. When the current diverted to 
the bypass element 106 reaches an established threshold, the bypass element 106 communicates 
with the interrupt element 108 causing the interrupt element 108 to reduce or stop the flow of 
current delivered to the load 112. The control element 104 limits the energy transferred to the 
circuit in an overcurrent condition by working rapidly to sense an overcurrent and divert current 
to the bypass element 106, thereby permitting the interrupt element 108 to safely interrupt the 
current delivered to the load 112. 



The block diagram in FIG. 2 b represents a first aspect of an overcurrent protected 
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An embodiment of a first aspect of an overcurrent protection circuit employing a certain 
arrangement of a PTC device, full-wave bridge rectifier, relay and resistors in an AC application 
in accordance with the principles of this invention is shown in FIG. 3a. The overcurrent 
protection circuit 10 provides for protection in case of an overcurrent condition. In this first 
embodiment, a PTC device 12 is connected in series with the load 24. The AC power source 28 
supplies power at an operating voltage to the load 24. With the power source 28 at the 
operating voltage, the current supplied in the PTC device 12 and the load 24 is below the PTC 
device's 12 trip current, the resistance of the PTC device 12 is very low, and the resulting 
voltage drop across the PTC device 12 is very low. The relay 14 is de-energized and the first 
contact 16 and second contact 18 of the relay are both in the closed position. With the power 
source 28 at the operating voltage, and with the resistance of the PTC device 12 very low, the 
voltage input to the bridge rectifier circuit 26 is equal to the voltage across the PTC device 12 
and is negligible. The resultant output voltage from the bridge rectifier circuit 26 is therefore 
below the voltage necessary to energize the relay 14. 

In the event of a fault causing the current in the PTC device 12 to increase above the 
current rating of the PTC device 12, the resistance of the PTC device 12 increases significantly. 
The voltage drop across the PTC device 12 is then sufficient to cause the voltage output from 
the bridge rectifier circuit 26 to energize the relay 14. 

With the relay 14 energized, the first contact 16 and the second contact 18 open, placing 
the bypass resistor 22 in series with the load 24, and thereby limiting the current in the load 24 
to a safe value. With the voltage of the power source 28 at the operating voltage, the relay 14 
would remain energized by the trickle current in the relay coil 14 and the load 24. 

With the relay 14 energized, the PTC device 12 is disconnected from the load 24 circuit. 
With no current passing in the PTC device 12, the PTC device 12 cools and the resistance of 
the PTC device 12 returns to a very low value. 



The overcurrent protection circuit 10 is reset by reducing the voltage of the power 
source 28 thereby decreasing the voltage across the relay 14 below the holding voltage of the 
relay 14, thereby closing the first contact 16 and the second contact 18. 
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FIG. 3b shows the overcurrent protection circuit 10 of FIG. 3a with dotted lines 
surrounding the circuit components of the overcurrent protection circuit 10 to correspond with 
the five elements depicted in FIG. 2b, i.e., source 102, control 104, bypass 106, interrupt 108 
and load 112 elements. 

FIG. 3c shows the circuit arrangement of FIG. 3a supplemented with a varistor 32 
connected in parallel with the PTC 12. The varistor 32 acts as a voltage clamping device to 
limit the voltage that might be induced across the PTC 12 in response to an initial rapid increase 
of the resistance of the PTC 12. This is likely to occur in response to a sharply rising 
overcurrent causing the PTC 12 to switch to its high resistance state rapidly. The induced 
voltage across the PTC 12 can be large due to the circuit inductance when the current is reduced 
to a low value by the rapidly increasing resistance of the PTC 12. Other voltage clamping 
devices such as back-to-back Zener diodes, arrangements of diodes, and other devices may be 
used in place of the varistor 32. 

FIG. 3d shows the overcurrent protection circuit arrangement of FIG. 3a simplified for 
use in DC applications. The bridge rectifier circuit 26 shown in FIG. 3a is absent in FIG. 3d, 
with the relay coil 14 connected across the PTC 12. The power source 34 in the circuit of FIG. 
3d is a DC power source. The behavior of the remaining circuit components in FIG. 3d is 
siniiiair to that described for the component ~ ; 

FIG. 3e shows the circuit arrangement of FIG. 3d supplemented with a varistor 32 
connected in parallel with the PTC 12. The varistor 32 acts as a voltage clamping device in the 
same manner in FIG. 3e as the varistor 32 in FIG. 3c. Other voltage clamping devices such as 
back-to-back Zener diodes, arrangements of diodes, and other devices may be used in place of 
the varistor 32. 

A second arrangement of an embodiment of a first aspect of an overcurrent protection 
circuit 30 in accordance with this invention is shown in FIG. 3f. In this arrangement, with the 
power source 28 supplying an operating voltage, the relay 14 is de-energized with the first 
contact 16 closed, and the second contact 18 closed making the circuit with the load 24. In the 
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event of an overcurrent, the temperature of the PTC device 12 rises quickly and the resistance of 
the PTC device 12 increases. The voltage output from the rectifier bridge circuit 26 energizes 
the relay 14. The first contact 16 opens removing the PTC 12 from the circuit, and the second 
contact 18 opens the circuit with the load 24 and closes the circuit with the dropping resistor 36 
thus keeping the relay 14 energized. With the first contact 16 open, there is no current in the 
path of the PTC device 12. The PTC device 12 cools, and the resistance of the PTC device 12 
returns to a very low value. The second contact 18 safely removes the load from the power 
source 28. 



The overcurrent protection circuit 30 is reset by reducing the supply voltage at the 
power source 28. With the power source 28 voltage reduced, the relay 14 is de-energized, the 
first contact 16 closes placing the PTC 12 in the circuit, and the second contact 18 closes the 
circuit with the load 24. 

A third arrangement of an embodiment of a first aspect of an overcurrent protection 
circuit 40 in accordance with this invention is shown in FIG. 3g. This third arrangement 
provides the overcurrent protection provided by the first 10 and second 30 arrangements shown 
in FIGs. 3a and 3f respectively, and additionally will automatically reconnect the load 24 after a 
specified time delay if the cause of the overload has been removed. This third arrangement of 
an embodiment of a first aspect of an overcurrent- protection circuit 40 includes a bypass PTC 
38, and uses only a first contact 16 of the relay 14. The bypass PTC 38 is designed to switch ~ 
from its low resistance to its high resistance at a lower current than that at which the PTC 12 
switches. In this third arrangement, with the power source 28 supplying an operating voltage, 
the relay 14 is de-energized with the first contact 16 closing the circuit with the load 24. In the 
event of an overcurrent condition, the high current in the PTC 12 causes the resistance of the 
PTC 12 to increase. The resultant voltage output increase from the rectifier bridge circuit 26 
energizes the relay 14 opening the first contact 16. The relay 14 is held in the energized state by 
the current flow in the bypass PTC 38 and the load 24. After a time delay, determined by the 
value of the bypass resistor 42 placed in series with the coil of the relay 14, the bypass PTC 38 
resistance becomes very high, causing the relay 14 to be de-energized, thereby closing the first 
contact 16. If the cause of the fault has been removed during the time delay, the reconnected 
circuit 40 continues its normal operation. If the cause of the fault persists, the PTC 12 
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immediately re-trips to its high resistance state before the bypass PTC 38 has cooled, preventing 
the relay 14 from re-energizing. If the cause of the fault has not been removed, both the PTC 12 
and the bypass PTC 38 remain in a high resistance state until either the power source 28 supply 
voltage is removed or the load 24 is removed. With the power supply 28 or load 24 removed, 
both the PTC 12 and the bypass PTC 38 cool and their respective resistances return to low 
values thereby allowing normal circuit operation. 

Referring again to FIGs. 3f and 3g, a voltage clamping device such as a varistor 32 
shown in FIG. 3c may be connected in parallel with the PTC 12 to limit voltages induced by the 
rapid decrease in circuit current. Other voltage clamping devices such as back-to-back Zener 
diodes, arrangements of diodes or other devices may also be used in place of the varistor 32. 

Although not illustrated in any of the FIGs., AC relays may be used in place of the DC 
relays for AC applications, in which case the full-wave bridge rectifier circuits 26 would not be 
used. Likewise, although described for use in AC applications, the circuits shown in FIGs. 3a, 
3b, 3c, 3f and 3g may also be used in DC applications, although the bridge rectifier circuits 26 
would be superfluous. A systems shown in FIGs. 3f and 3g may also be modified for DC 
applications by removing the bridge rectifier circuit 26 in a manner similar to that shown in 
FIGs. 3d and 3e. 

The electrical components in each of the circuits shown in FIGs. 3c through 3g may be 
grouped in a manner similar to that shown in FIG. 3b for the circuit of FIG. 3a, with the 
groupings of the electrical components represented by the operational elements shown in FIG. 



FIG. 2d shows a functional block diagram that represents the functions performed by 
electrical components in an embodiment of a second aspect of overcurrent protection circuits in 
accordance with this invention. The overcurrent protected circuit, referred to by the general 
reference character 140, includes the five operational elements represented in FIG. 2b, however, 
the interrupt element 108 is shown preceding the control element 104, and the bypass element 
106 is shown in parallel with the control element 104. 
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The source 102 provides the electrical power to the circuit 140, and the load 112 
performs the intended purpose of the circuit 140. The control 104, bypass 106 and interrupt 
elements 108 work cooperatively to provide the overcurrent protection. The control element 
104 performs the functions of sensing the current and limiting the energy transferred to the 
circuit in case of fault. The interrupt element 108 performs the functions of interrupting the 
circuit and providing circuit isolation. 

The control element 104 determines whether the current delivered in the load 112 is 
within a normal, acceptable range. When the control element 104 determines that the current 
delivered in the load 112 is excessive, the control element 104 works with the bypass element 
106 to divert current to the bypass element 106. When the current diverted to the bypass 
element 106 reaches an established threshold, the control element 104 communicates with the 
interrupt element 108 causing the interrupt element 108 to stop the flow of current delivered to 
the load 112. 

A typical circuit in a conventional GFI device known in the prior art is shown in FIG. 
4a. To simplify description of the circuits in subsequent FIGs., the components comprising the 
GFI device, except for the contacts 224 226, and shown within the dotted lines, are given the 
general reference character 200. In the conventional GFI circuit the line 204 and return 206 
currents flow in opposite directions in the two primary windings 208 210 of the GFI transformer 
232. If the line 204 and return 206 currents are equal, the resulting magnetic field in the" GFI 
transformer 232 is zero and the induced current in the secondary winding 212 is essentially zero. 
If the line 204 and return 206 currents are not equal, for example in the case of a ground fault 
from the line 204 to ground 234, then the unbalanced currents cause a magnetic field in the GFI 
transformer 232. If the current imbalance exceeds an established threshold, the resulting 
magnetic field in the GFI transformer 232 causes an induced current in the secondary winding 
212 to exceed an established threshold. A detection circuit 214 determines that the induced 
current in the secondary winding 212 exceeds an established threshold and energizes a latching 
relay 222. When the latching relay 222 is energized, the normally closed contacts 224 226 are 
opened thereby removing the power applied to the load 228. The contacts 224 226 remain open 
until they are manually reset to the closed position. 
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An arrangements of an embodiment of a second aspect of an overcurrent protection 
circuit in accordance with this invention is shown in FIG. 4b. In the overcurrent protection 
circuit 250 shown in FIG. 4b, a PTC 242 is placed in series with the GFI 200 and the line 204, 
and a bypass resistor 244 is in parallel with the series PTC 242 and GFI 200. Under normal 
operating conditions, the current in the PTC 242 is below the trip current and the resistance of 
the PTC 242 is low. Under overcurrent conditions, the PTC 242 increases in resistance and 
limits the current in the PTC 242 into the GFI 200. As a result, current is shunted around the 
PTC 242 and GFI 200 in the bypass resistor 244, thus causing an imbalance in the current in the 
GFI 200. When the current imbalance in the GFI 200 reaches an established amount, the GFI 
200 opens the contacts 224 226 interrupting the current to the load 228. 



manner similar to that shown in FIG. 3b for the circuit of FIG. 3a, with the groupings of the 
electrical components represented by the operational elements shown in FIG. 2d. 

Referring to FIG. 4c, a voltage clamping device such as a varistor 32 may be connected 
in parallel with the PTC 242 in FIG. 4b to limit voltages induced by the rapid decrease in circuit 
current. Other voltage clamping devices such as back-to-back Zener diodes, arrangements of 
diodes or other devices may also be used in place of the varistor 32. 

^Referring again to FIG: 2a, the figure shows a functional block diagram that represents 
the functions performed by electrical components in an embodiment of a third aspect of 
overcurrent protection circuits in accordance with this invention. The overcurrent protected 
circuit, referred to by the general reference character 100, includes four of the five operational 
elements previously described, i.e., the source 102, control 104, interrupt 108 and load 112 
elements. 

The source 102 provides the electrical power to the circuit, and the load 112 performs 
the intended purpose of the circuit. The control and interrupt elements work cooperatively to 
provide the overcurrent protection. The control element 104 performs the two functions of 
sensing the current and limiting the energy transferred to the circuit in case of overcurrent. The 
interrupt element performs the function of interrupting the circuit cun-ent. 



The electrical components in the circuits shown in FIG. 4b may be grouped in a 
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The control element senses the current and determines whether the current delivered to 
the load 112 is within a normal acceptable range. When the control element 104 determines that 
the current delivered to the. load 112 is excessive, the control element 104 reduces the circuit 
current. By reducing the circuit current, the control element 104 communicates with the 
interrupt element 108 causing the interrupt element to further reduce or stop the How of current 
delivered to the load 112. The control element 104 limits the energy transferred to the circuit in 
an overcurrent condition by working rapidly to sense the overcurrent and reduce the overcurrent 
thereby permitting the interrupt element to safely interrupt the current delivered to the load 112. 

An embodiment of a third aspect of an overcurrent protection circuit employing a PTC 
device and a relay in an AC application in accordance with the principles of this invention is 
shown in FIG. 5a. In this embodiment, a PTC device 304 is connected in series with the load 
312, and a normally open relay contact 306 is in series between the PTC device 304 and the 
load 312. The relay coil 308 is connected in parallel with the load 312. A system is closed by 
means of the switch 310, depicted in FIG. 5a as a push-switch. When the switch 310 is closed, 
current flows in the circuit 300 and the relay coil 308 is energized. The energized relay coil 308 
closes the relay contact 306, latching the relay 308 in the energized state with the relay contact 
306 closed. 

-I f «? overwent occurs, the PTC device 304 increases in resistance reducing the circuit 
current 300, thereby reducing the voltage across the load 312 and relay coil 308. When the 
voltage across the relay coil 308 falls below the holding voltage, V^, of the relay coil 308, the 
relay contact 306 will return to the open condition, and remain latched in the open position. 

A system shown in FIG. 5b is the circuit of FIG. 5a with back-to-back Zener diodes 
316 318 added in parallel with the relay coil 308 and load 312. This arrangement provides for 
overvoltage protection in addition to overcurrent protection. For voltages greater than the 
breakdown voltage of the Zener diodes 316 318, the Zener diodes 316 318 would draw a large 
current which in turn would cause the resistance of the PTC device 304 to increase, thereby 
reducing the voltage across the relay coil 308, causing the relay contact 306 to open. 
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Referring to FIG. 5c, a voltage clamping device, such as a varistor 32, may be placed in 
parallel with the PTC device 304 to limit the voltage that might be induced across the PTC 
device 304 in response to an initial rapid increase of the resistance of the PTC device 304. 

FIGs. 6a through 6f show several arrangements of an embodiment of a fourth aspect of 
an overcurrent protection circuit employing a PTC device and a bimetal switch in accordance 
with the principles of this invention. Although the circuits shown in FIGs. 6a through 6f depict 
an AC source 402, the overcurrent protection circuits also apply to DC applications. 

The overcurrent protection circuits shown in FIGs. 6a through 6f include the series, 
parallel and series-parallel arrangements of FIGs. la, lb and lc, and include the respective 
voltage and current rating relationships applicable to each as described above. 

FIG. 6a shows an overcurrent protection circuit 400 with a PTC device 404 connected in 
series with a load 410, and a bimetal switch 406 connected in parallel with the PTC device 404. 

In addition the PTC device 404 and bimetal switch 406 are thermally coupled. This 
arrangement takes advantage of the low resistance and controlled trip temperature of the bimetal 
switch 406. In case of an overcurrent, the bimetal switch 406 heats and opens, shunting the 
current to the PTC device 404. The overcurrent in the PTC device 404 causes the PTC device 
404 to quickly trip to its high resistance state, reducing the current to a very low level. The low 
current iri the PTC device 404 keeps the PTC device 404 heated and in a higirtesistance stater 
The heat from the PTC device 404 latches the bimetal switch 406 in the tripped state, 
preventing oscillation of the contacts of the bimetal switch 406. 

In shunting the current to the PTC device 404, the contacts of the bimetal switch 406 do 
not arc since they do not have to switch the current at operating voltage. In this arrangement, 
the PTC device 404 and bimetal switch 406 serve to limit the fault current delivered to the 
circuit. 

FIG. 6b shows an overcurrent protection circuit 420 with the PTC device 404 and a 
series bimetal switch 412 in series with the load 410. The PTC device 404 and series bimetal 
switch 412 are thermally coupled. In this arrangement, an overcurrent would trip the PTC 
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device 404 causing the PTC device 404 to change to its high resistance state. The heat from the 
PTC device 404 trips the series bimetal switch 412. The contacts of the series bimetal switch 
412 open, removing the voltage from the PTC device 404. This arrangement has the advantage 
that permits the PTC device 404 to work in higher voltage applications, and the combination 
provides overcun-ent protection at higher voltages. 

In certain applications it is advantageous to permit the series bimetal switch 412 to 
reclose automatically after interrupting the overcurrent in case the cause of the overcurrent is no 
longer present. This would happen automatically in the circuit shown in FIG. 6b after the series 
bimetal switch 412 opens stopping the current flow. As the PTC device 404 would then cool 
allowing the series bimetal switch 412 to reclose. If the overcurrent were still present, the PTC 
device 404/series bimetal switch 412 combination would again interrupt the circuit current. 
This action would continue to repeat as long as the cause of the overcurrent were present. In 
applications where it is not desirable to permit the series bimetal switch 412 to automatically 
reclose, the series bimetal switch 412 could be a latching device such as the latching bimetal 
switch 432 with a reset button 422 as shown in Figs. 6e and 6f. 

FIG. 6c shows an overcurrent protection circuit 430 with a parallel combination of the 
PTC device 404 and bimetal switch 406 in series with the series bimetal switch 412. This 
arrangement provides the overcurrent protection features of the parallel arrangement of FIG. 6a, 
with the higher voltage capability and galvanic open of the series ;«xWgpjmt o^BG: : %b;'-. In 
this arrangement, the parallel bimetal switch 406 trips on an overcurrent shunting the current to 
the PTC device 404. The PTC device 404 then switches to its high resistance state, reducing the 
circuit current 430 to a very low level. The heat from the PTC device 404 trips the series 
bimetal switch 412 which removes the voltage from the PTC device 404. The opening of the 
contacts on the series bimetal switch 412 is at a very low current. As shown in FIG. 6c, the 
arrangement would cycle after the series bimetal switch opens 412 and the PTC device 404 and 
parallel bimetal switch 406 cool. As indicated above, in applications where an automatic reset 
capability is not desirable, the series bimetal switch 412 may be a latching device and include a 
manual reset button 422 as shown in FIGs. 6e and 6f. FIG. 6e also shows a voltage clamping 
device, such as a varistor 32, which may be placed in parallel with the PTC device 404 to limit 
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the voltage that might be induced across the PTC device 404 in response to an initial rapid 
increase of the resistance of the PTC device 404. 

FIG. 6d shows an alternative arrangement to the circuit shown in FIG. 6c with a second 
PTC device 414 which is used to latch the series bimetal switch 412. Under normal current 
conditions, the series bimetal switch 412 connects the load 410 in the circuit. The parallel PTC 
device 404 and bimetal switch 406 operate as described above to reduce the current. The heat 
from the PTC device 404 trips the series bimetal switch 412 breaking the connection to the load 
410 and closing the connection with the second PTC device 414. The heat from the second 
PTC device 414 latches open the series bimetal switch 412. In this circuit, the second PTC 
device 414 may also be a ceramic PTC or a constant wattage heater such as a resistor. 

FIG. 6f shows an overcurrent protection circuit similar to that shown in FIG. 6b with a 
varistor 424 providing the additional capability to protect against overvoltages. For a short 
duration overvoltage, the varistor 424 absorbs the energy without damage. If the overvoltage is 
sustained, the current in the varistor 424 trips the PTC device 404 reducing the current to a very 
low value. The heat from the PTC device 404 trips the latching bimetal switch 432 which 
removes the voltage from the PTC device 404. This arrangement has several advantages. A 
small varistor 424 can be used to protect against sustained overvoltage faults, and the circuit can 
be latched open to protect against sustained overvoltages. 

In the arrangements and embodiments of several aspects of this invention described 
above, the circuit components work together to provide overcurrent protection by 
accomplishing the functions of sensing the current, interrupting the current, limiting the energy 
transferred to the circuit, and, in some arrangements, isolating the circuit from the power source. 
The combination of PTC devices and mechanical switches can likewise be applied to circuit 
breakers and switches in general, and in a much simpler manner. For example, consider the 
circuit of FIG. 1c, with components having the voltage and current rating relationships 
described above. In a conventional circuit breaker, the signal to open is usually independent of 
the circuit being opened, and, at high voltage, is usually via a protection relay opening at low 
voltage from a potential transformer (PT) or a current transformer (CT). In a circuit breaker 
employing the arrangement shown in FIG. lc, both mechanical switches 4 6 are opened 
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simultaneously, with the second switch 6 connecting the PTC device 2 in series with the first 
switch 4. During the first half cycle the first switch 4 arcs until the zero crossing of the current 
cycle. During that time the PTC device increases in resistance and limits the current to a value 
that the second switch 6 can interrupt. The advantages of this combination are that the PTC 
device 2 is in the circuit for one half cycle, and thus need not endure a large voltage for a long 
period of time; the PTC device 2 does not actually trip the circuit and thus operation of the 
circuit breaker is not dependent upon the temperature of the PTC device 2 being precisely 
known or maintained; the resistance of the PTC device 2 in its low resistance state is not critical 
since the PTC device 2 is not in the circuit during normal operation; the PTC device 2 need only 
increase in resistance, by way of example, by 2 to 3 decades to limit the fault current by 2 to 3 
decades; and the fault current interrupting requirements of the mechanical contacts 4 6, are 
reduced by 2 to 3 decades. While this arrangement requires two mechanical contacts 4 6 instead 
of one, the price of two low fault current contacts is a small fraction of one high fault current 
contact. The arrangement of FIG. lc has been described in an application for use as a circuit 
breaker interrupting a fault current. The same arrangement can be used to advantage as a simple 
switch to switch normal currents thereby permitting the use of mechanical switches with lower 
current ratings than would otherwise be required. The operation of such a switch would be as 
described for that of a circuit breaker, except that the opening of the mechanical contacts 4 6 
could be by manual activation as well as by electromechanical or other automatic means. 
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Claims 

1 . An electrical protection system which can be connected in series between an electrical 
power supply and an electrical load to form an operating circuit, and which when so connected 
protects the circuit from overcurrents, which system comprises: 

a. a control element which 

(1) has a relatively low resistance, R L ow> w ^en a relatively low current, 
Inormal* ^ passing through it, and 

(2) is converted to a relatively high resistance, R F ault» when the current 
through it increases from Inormal to a relatively high current, I F ault; 

b. a circuit interruption element which 

( 1 ) is connected in series with the control element, 

(2) has a normal state when the current Inormal * s passing through the 
control element, the normal state permitting the current I NO rmal to P^s 
through the system, and 

(3) has a fault state which permits the flow of at most a reduced current, 
substantially less than Inormal! m d 

c. a bypass element which 

(1) is connected in parallel with the series combination of the control 
element and the circuit interruption element, and 

(2) is functionally linked to the circuit interruption element so that an 
increase in current passing through the bypass element can convert the 
circuit interruption element into the fault state; 

whereby, when the current through the system increases from Inormal t0 Ifault 

(i) the resistance of the control element increases from Rlow to Rfault* 

(ii) an increased current passes through the bypass element, and 

(iii) the circuit interruption element is converted into the fault state. 



2. A system according to claim 1 wherein the control element comprises a first PTC 
device. 
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3. A system according to claim 2 wherein the control element comprises a voltage 
clamping device connected in parallel with the first PTC device. 



4. A system according to any one of claims 1 to 3 wherein the circuit interruption element 
comprises a circuit switch having a normal state in which it is closed and a fault state in which it 
is open. 

5. A system according to claim 4 wherein the bypass element comprises a relay coil which 
causes the circuit switch to move from its normal state to its fault state in response to increased 
current flowing in the bypass element. 

6. A system according to claim 5 wherein the bypass element comprises 

a. a bypass resistor connected in series with the relay coil; and 

b. a bypass switch which 

(1) is connected in series with the relay coil and in parallel with the bypass 
resistor, and 

(2) is closed when the circuit switch is closed and open when the circuit 
switch is open. 

7. A system according to claim 6 wherein the bypass element comprises a second PTC 
device, which 

a. is connected in series with the relay coil and the bypass resistor, and 

b. has a trip current which is less than the current which, when passed through the 
relay coil, will cause the circuit switch to change from its normal state to its fault 
state. 

8. A system according to claim 5 wherein the system comprises an auxiliary double pole 
circuit switch and an auxiliary resistor, 

a. the auxiliary double pole circuit switch 

(1) when the circuit switch is closed, connecting the load to the electrical 
power supply, and 
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(2) when the circuit switch is open, disconnecting the load from the 
electrical power supply and connecting the auxiliary resistor to the 
electrical power supply; and 
b. the auxiliary resistor having a resistance which is small enough to permit 

sufficient current to flow in the bypass element relay coil to maintain the circuit 

switch in its fault state. 

9. An electrical circuit comprising: 

a. an electrical power supply; 

b. an electrical load; and 

c. an electrical protection system according to any one of claims 1 to 8. 

10. A circuit which comprises a power supply having a voltage V NORMAU an electrical load, 
and a protection system, and which circuit has a normal operating condition in which a normal 
cunrent, I N ormal> passes through the protection system, which system comprises: 

a. a control element which 

(1) has a relatively low resistance, Rlqw* when a relatively low current, 
Jnormal* is passing through it, and 

(2) is converted to a relatively high resistance, R FAULT , when the current 
through it increases from I normal to a relatively high current, Tfault*" 

b. a circuit interruption element, connected in series with the control element and 
having 

( 1 ) a rating to cany a current, I CA rry> which is greater than I NO rmal> 

(2) a rating to interrupt a current, I interrupt* which is substantially less than 
Ifault. at a voltage equal to V NORMAL , 

(3) a normal state when the current Inormal ls passing through the control 
element, the normal state permitting the current I NO rmal t0 P^s through 
the system, and 

(4) a fault state which permits the flow of at most a reduced current, 
substantially less than Inormal; and 

c. a bypass element which 



WO 97/10636 




PCT/US96/14550 



(1) is connected in parallel with the series combination of the control 
element and the circuit interruption element, and 

(2) is functionally linked to the circuit interruption element so that an 
increase in current passing through the bypass element can convert the 
circuit interruption element into the fault state; 

such that when the current in the protection system increases to I F ault» the resistance of the 
control element increases from R L ow to Rfault* an increased current passes through the bypass 
element, the circuit current is reduced below I interrupt* thereby permitting the circuit 
interruption element to convert to the fault state and interrupt circuit current. 

11. An electrical protection system which can be connected between an electrical power 
supply and an electrical load to form an operating circuit, and which when so connected protects 
the circuit from overcurrents, which system comprises: 

a. a circuit interruption element having 

(1 ) a normal state which permits the flow of a normal current, I N ormal» and 

(2) a fault state which permits the flow of at most a reduced current, 
substantially less than Inormal; 

b. a control element which 

( 1 ) is connected in series with the circuit interruption element; 

(2) has a variable-resistance which - 

(a) compared to the load when the current in the circwis'thjg'^ 
normal current, I NO rmal» and 

(b) increases substantially when the current in the load substantially 
exceeds the normal current, Inormau 

(3) comprises a comparator which compares 

(a) the current, Icontrol* m the control element at a control 
comparison point, and 

(b) the current, I L oad> m the load at a load comparison point, and 

(4) changes the circuit interruption element from its normal state to its fault 
state when Icom-ROL differs from I L oad by more than a predetermined 
current imbalance value, I D ikf» and 

c. a bypass element which 
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( 1 ) is connected in parallel with the control element, and 

(2) has a resistance such that 

(a) when the circuit current is I NO rmal> the ratio of the resistance of 
the bypass element to the resistance of the control element is 
such that Icontrol differs from I L oad by ' ess than I D [ FF , and 

(b) when the circuit current exceeds Inormal by a predetermined 
current amount, the ratio of the resistance of the bypass element 
to the resistance of the control element is such that Icontrol 
differs from I L oad by more than I DIFF . 

12. A system according to claim 1 1 wherein the control element comprises a PTC device. 

13. A system according to claim 12 wherein the control element comprises a voltage 
clamping device connected in parallel with the PTC device. 

14. A system according to claim 1 1 wherein the bypass element comprises a bypass resistor 
whose resistance is substantially independent of temperature. 

15. an electrical circuit comprising: 

a. an electrical powefsiipply; 

b. an electrical load; and - - •» 

c. an electrical protection system according to any on of claims 1 1 to 14. 

16. A circuit which comprises a power supply having a voltage V NORMAL , an electrical load, 
and a protection system, and which has a normal operating condition in which a normal current, 
^normal* passes through the protection system, which system comprises: 

a. a circuit interruption element comprising a mechanical switch and having 

( 1 ) a rating to carry a current, I C arry» which is greater than I N ormal> 

(2) a rating to interrupt a current, I interrupt* which is substantially less than 
a current, I^p, at a voltage equal to V NORMAL ; 

(3) a normal state which permits the flow of a normal current, I N ormal> and 
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(4) a fault state which permits the flow of at most a reduced current, 
substantially less than l NORMAL ; 
b. a control element which 

( 1 ) is connected in series with the circuit interruption element; 

(2) has a variable resistance which 

(a) is low compared to the load when the current in the circuit is the 
normal current, I NO rmal> and 

(b) increases substantially when the current in the load exceeds a trip 
current, I^p, which is greater than I NO rmal» 

(3) comprises a comparator which compares 

(a) the current, I C ontrol. in the control element at a control 
comparison point, and 

(b) the current, I LO ad> in the load at a load comparison point, and 

(4) changes the circuit interruption element from its normal state to its fault 
state when Icontrol differs from I load by more than a predetermined 
current imbalance value, I DIFF ; and 

c. a bypass element which 

( 1 ) is connected in parallel with the control element, and 

(2) has a resistance such that 

(a) when the circuit current is I NORM al> the ratio of the resistance of 
the bypass element to the resistance of the control element is ~ 
such that Icontool differs from I LOAD by less than I DIFF , and 

(b) when the circuit current exceeds I NORMA l by a predetermined 
current amount, the ratio of the resistance of the bypass element 
to the resistance of the control element is such that I CO ntrol 
differs from I LOAD by more than I DIFF ; 

such that when the circuit current exceeds 1^, the control element reduces the circuit current 
below I[nterrupt> thereby permitting the circuit interruption element to interrupt circuit current. 



1 7. An electrical protection system which can be connected in series between an electrical 
power supply and an electrical load to form an operating circuit, and which when so connected 
protects the circuit from overcurrents, which system comprises: 
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a. 



a circuit interruption element having 

( 1 ) a normal state which permits the flow of a normal current, I N ormal> and 

(2) a fault state which permits the flow of at most a reduced current, 



substantially less than I L oai> and 



b. 



a control element which 



(1) is connected in series with the circuit interruption element, and 

(2) has a variable resistance which 

(a) is low compared to the load when the current is the normal 
current, Inormal* and 

(b) increases substantially when the current substantially exceeds the 
normal current, Inormal^ 

with the circuit interruption element changing from its normal state to its fault state when the 
resistance of the control element has increased by a predetermined resistance amount. 

1 8. A system according to claim 1 7 wherein the control element comprises a PTC device. 

19. A system according to claim 18 wherein the control element further comprises a voltage 
clamping device connected in parallel with the PTC device. 

20. A system according to claim 17 wherein the circuit interruption element comprises a 
circuit switch : 

a. having a normal state in which it is closed and a fault state in which it is open; 



21. A system according to claim 20 wherein 

( 1 ) the control element comprises a relay coil; 

(2) when the resistance of the control element increases by the predetermined 
resistance amount, the increase in resistance causes the current in the relay coil 
to increase; and 



and 



b. 



which changes from its normal state to its fault state when the resistance of the 
control element increases by the predetermined resistance amount. 
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(3) thereby the increase in current through the relay coil causes the circuit switch to 
change from its normal state to its fault state. 

22. A system according to claim 1 1 wherein the control element comprises back-to-back 
coupled Zener diodes connected in parallel with the relay coil which, when the voltage across 
the coupled Zener diodes exceeds a predetermined voltage amount, causes current to pass 
through the coupled Zener diodes, thereby causing the current in the control element to increase 
by an amount sufficient to cause the resistance of the control element to increase by the 
predetermined resistance amount. 

23. A system according to claim 20 wherein the circuit switch comprises a bimetal switch 
thermally coupled with the PTC device so that when the resistance of the PTC device increases 
by the predetermined resistance amount, heat generated by the PTC device causes the bimetal 
switch to move from its normal state to its fault state. 

24. A system according to claim 23 wherein the circuit switch latches in the open position 
and comprises means for resetting the circuit switch to the closed position. 

25. A system according to claim 23 which comprises a varistor connected in parallel with 
the load. 

26. An electrical circuit comprising: 

a. an electrical power supply; 

b. an electrical load; and 

c. an electrical protection system according to any one of claims 1 7 to 25. 

27. A circuit which comprises a power supply having a voltage V N0RMAL , an electrical load, 
and a protection system, and which circuit has a normal operating condition in which a normal 
current, I NO rmal> passes through the protection system, which system comprises: 

a. a circuit interruption element comprising a mechanical switch and having 
( 1 ) a rating to carry a current, I C arry> which is greater than I N ormal> 
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(2) a rating to interrupt a current, I interrupt > which is substantially less than 
a current, I TOP , at a voltage equal to V NORMAL , 

(3) a normal state which permits the flow of a normal current, Inormau and 

(4) a fault state which permits the flow of at most a reduced current, 
substantially less than I NO rmal» and 

b. a control element which 

( 1 ) is connected in series with the circuit interruption element, and 

(2) has a variable resistance which 

(a) is low compared to the load when the current is the normal 
current, Inormau ^ 

(b) increases substantially when the current exceeds a control 
element trip current, L^p, which is greater than Inormal^ 

such that when the circuit current exceeds Ijrip, the resistance of the control element increases 
by a predetermined resistance amount, thereby reducing the circuit current below Iihterrupt* 
thereby causing the circuit interruption element to change from its normal state to its fault state 
and interrupt the circuit current. 

28. An electrical protection system which can be connected between an electrical power 
supply and an electrical load to form an operating circuit, and which when so connected protects 
the circuit from overcurrents, which system comprises: 

a. a circuit interruption element having -' • - ■■' ' • 

( 1 ) a normal state which permits the flow of a normal current, Inormal* and 

(2) a fault state which permits the flow of at most a reduced current, 
substantially less than Inormal* 

b. a control element 

(1) connected in series with the circuit interruption element, and 

(2) having a variable resistance which 

(a) is low compared to the load when the current is the normal 
current, Inormal» and 

(b) increases a first predetermined resistance amount if the current 
substantially exceeds the normal current, I N ormau and 

c. a bypass element 
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( 1 ) connected in parallel with the control element, and 

(2) having a resistance which 

(a) is substantially higher than the resistance of the control element 
when the circuit is in the normal operating condition, 

(b) is substantially lower than the resistance of the control element 
when the resistance of the control element has increased by the 
first predetermined resistance amount, and 

(c) increases by a second predetermined resistance amount when the 
resistance of the control element has increased by the first 
predetermined resistance amount; 

with the circuit interruption element changing from its normal state to its fault state, when the 
resistance of the control element has increased by the first predetermined resistance amount and 
the resistance of the bypass element has increased by the second predetermined resistance 
amount. 

29. A system according to claim 28 wherein the control element comprises a first circuit 
switch, preferably a first bimetal switch, having a normal state in which it is closed and a fault 
state in which it is open. 

30. A system according to claim 28 wherein the bypass element comprises a PTC device. 

31. A system according to claim 30 wherein the bypass element comprises a voltage 
clamping device connected in parallel with the PTC device. 

32. A system according to claim 28 wherein the circuit interruption element comprises a 
second circuit switch 

a. having a normal state in which it is closed and a fault state in which it is open; 
and 

b. which moves from its normal state to its fault state when the resistance of the 
bypass element increases by the second predetermined resistance amount. 
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33. A system according to claim 32 wherein the second circuit switch comprises a second 
bimetal switch which is thermally coupled with the bypass element so that when the resistance 
of the bypass element increases by the second predetermined resistance amount, heat generated 
by the bypass element causes the bimetal switch to move from its normal state to its fault state. 

34. A system according to claim 32 wherein the second circuit switch latches in the open 
position and comprises means for resetting the second circuit switch to the closed position. 

35. A system according to claim 28 wherein the circuit interruption element comprises a 
double pole circuit switch having a normal state and a fault state, and an auxiliary resistor, 
wherein the double pole circuit switch 

a. moves from its normal state to its fault state when the resistance of the bypass 
element increases by the second predetermined resistance amount; 

b. connects the load to the electrical power supply when the double pole circuit 
switch is in its normal state; and 

c. disconnects the load from the electrical power supply, and connects the auxiliary 
resistor to the electrical power supply, when the double pole circuit switch is in 
its fault state. 

36. A system according to claim 35 wherein the auxiliary resistor is a PTC device. 

37. A system according to claim 35 wherein the double pole circuit switch comprises a 
double pole bimetal switch which 

a. is thermally coupled with the bypass element so that when the resistance of the 
bypass element increases by the second predetermined resistance amount, heat 
generated by the bypass element causes the double pole bimetal switch to move 
from its normal state to its fault state; and 

b. is thermally coupled with the auxiliary resistor so that when the auxiliary resistor 
is connected to the electrical power supply, heat generated by the auxiliary 
resistor causes the double pole bimetal switch to latch in its fault state. 



38. An electrical circuit comprising: 
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a. an electrical power supply; 

b. an electrical load; and 

c. an electrical protection system according to any one of claims 28 to 37. 

39. A circuit which comprises a power supply having a voltage, V NORMAL , an electrical load, 
and a protection system, and which has a normal operating condition in which a normal current, 
^normal* passes through the protection system, which system comprises: 

a. a circuit interruption element comprising a mechanical switch and having 

( 1 ) a rating to cany a current, Iinterkupt carry* which is equal to or greater 
than Inormal* 

(2) a rating to interrupt a current, 1 interrupt > which is substantially less than 
a value, I C ontkoltrip» at a voltage equal to V NORMAL , 

(3) a normal state which permits the flow of a normal current, I NO rmal» and 

(4) a fault state which permits the flow of at most a reduced current, 
substantially less than I N ormal> 

b. a control element comprising a mechanical switch, connected in series with the 
circuit interruption element, and having 

( 1 ) a variable resistance which 

(a) a resistance which is substantially less than the resistance of the 
bypass element with 

(b) is low compared to the load when the current is the normal 
current, Inormal* and 

(c) increases a first predetermined resistance amount if the current 
substantially exceeds the normal current, I NO rmal» 

(2) a rating to carry a current, I CO ntrol carry* which is greater than I NO rmal> 
and 

(3) a rating to interrupt a current, I CO ntrol trip, which is greater than 
^normal* at a voltage, V CONXROL ^p, which is substantially less than 
^normal* and 

c. a bypass element connected in parallel with the control element, and having 
( 1 ) a variable resistance which 
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(a) is substantially higher than the resistance of the control element 
when the current in the control element less than or equal to 
^normal* and the circuit is in the normal operating condition, 

(b) is substantially lower than the resistance of the control element 
when the resistance of the control element has increased by the 
first predetermined resistance amount, and 

(c) increases by a second predetermined resistance amount when the 
resistance of the control element has increased by the first 
predetermined resistance amount, and 

(2) a bypass element trip current, I B ypass trip* which is less than or equal to 
Inormal» 

such that when the circuit current exceeds I C ontroltrjp> toe resistance of the control element 
increases by the first predetermined resistance amount, thereby interrupting the current in the 
control element, thereby shunting the circuit current in the bypass element, and when the current 
in the bypass element exceeds I B ypass trip, the resistance of the bypass element increases by the 
second predetermined resistance amount, thereby reducing the circuit current below Iintcrrupt* 
thereby permitting the circuit interruption element to change from its normal state to its fault 
state and interrupt circuit current. 

40. A circuit comprising, a control element and a circuit interruption element connected in 
series, wherein: 

a. the circuit has 

( 1 ) a normal current, I N ormal> and 

(2) a normal input voltage, V NOPlMAL ; 

b. the control element has a control element trip current, 1-^, which is greater than 
Wrmau and 

c. the circuit interruption element comprises a mechanical switch and has 

( 1 ) a rating to carry a current, Icarry* which is greater than Inormal* and 

(2) a rating to interrupt a current, I interrupt* which is substantially less than 
Itrip, at a voltage equal to V NORMAL ; 

such that when the circuit current exceeds I^p, the control element reduces the circuit current 
below I interrupt* thereby permitting the circuit interruption element to interrupt circuit current. 
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41. A circuit according to claim 36 wherein the control element comprises a PTC device. 

42. A circuit comprising a bypass element and a control element connected in parallel, 
wherein: 

a. the circuit has 

( 1 ) a normal current, I NO rmal, and 

(2) a normal input voltage, V NORMAL ; 

b. the bypass element has a bypass element trip current, I BYPASS ^p, which is 
substantially less than I NO rmal; and 

c. the control element comprises a mechanical switch and has 

(1) a rating to carry a current, I CO mtkol pass, which is greater than I NO rmal, 
and 

(2) a rating to intemipt a current, I CO ntrol trip, which is greater than 
'normal, at a voltage, V CONTROLTRIP , which is less than V NORMAL ; 

such that when the circuit current exceeds I C ontrol trip, the control element interrupts the 
current in the control element, thereby shunting the current in the circuit to the bypass element, 
and when the current in the bypass exceeds I BY pass trip, the bypass element substantially 
reduces the circuit current. 

43. __A system according to. claim 42 wherein , 

44. A circuit, comprising a bypass element and a control element connected in parallel, with 
the parallel combination connected in series with a circuit interruption element, wherein: 

a. the circuit has 

( 1 ) a normal current, I N ormau and 

(2) a normal input voltage, V NORMAL ; 

b. the bypass element has a bypass element trip current, I bypass trip, which is 
substantially less than I N ormal5 and 

c. the control element comprises a mechanical switch and has 

(1) a rating to carry a current, I CO ntrol pass, which is greater than I NO rmal> 
and 
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(2) a rating to interrupt a current, Icontrol trip* which is greater than 
^normal* at a voltage, V CONTROLTRJP , which is less than V NORMAL ; and 
d. the circuit interruption element comprises a mechanical switch and has 

( 1 ) a rating to carry a current, I carry* which is greater than Inormal* and 

(2) a rating to interrupt a current, Iinterrupt* which is substantially less than 
^control trip* at a voltage equal to V N0RMAL ; 

such that when the circuit current exceeds I C ontkol trip* the control element interrupts the 
current in the control element, thereby shunting the circuit current in the bypass element, and 
when the current in the bypass element is exceeds I B ypass trip* the bypass element reduces the 
circuit current below I interrupt* thereby permitting the circuit interruption element to interrupt 
circuit current. 



45. A circuit according to claim 44 wherein the bypass element comprises a PTC device. 
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